INTRODUCTION
A major goal in conservation genetics, and evolutionary biology in general, is to understand the relative roles of neutral and adaptive forces in determining patterns of population differentiation. Such understanding is also pivotal for the conservation of intraspecific biodiversity in the case of endangered or highly exploited species (Hilborn et al. 2003) . While recent advances in the field of molecular biology promise to pinpoint the genomic regions associated with specific phenotypic traits with increasingly greater speed and accuracy , Miller et al. 2011 , there remains a constant and pressing need to generate reliable biological information, often at low operational costs, on a myriad ABSTRACT: Identifying how the interplay between neutral and adaptive evolutionary processes shapes the spatial structure of natural populations is a central task in ecology and conservation biology. In marine populations, generally characterised by large population sizes and high gene flow, the simultaneous use of multiple descriptors (i.e. genetic, morphological, life-history, etc.) can be particularly helpful in unravelling the often subtle and complex spatial patterns observed. The gastropod Buccinum undatum (common whelk) lacks a planktonic larval stage, which could promote isolation of local populations and lead to phenotypic divergence through genetic drift or local adaptation. Despite the commercial significance of this species, the relative importance of these 2 forces remains unknown. Here, we used microsatellites, geometric morphometrics and shell thickness measurements to investigate the evolutionary dynamics generating spatial variation in 10 whelk populations in coastal waters around Ireland. Genetic diversity was generally high and genetic structure moderate but significant (overall F ST = 0.019), in accordance with an isolation-by-distance pattern. Phenotypic divergence, as measured by P ST , was uncorrelated with, and much more pronounced than, neutral divergence (F ST ), indicating that environmental variation rather than population isolation drives phenotypic differentiation. For some traits, at least, diversifying selection is likely to be involved unless additive genetic components of phenotypic variation among populations are very low. Our results document a lack of correspondence between neutral and adaptive divergence, and highlight the need to couple connectivity estimates with the assessment of ecologically relevant traits in fisheries management and conservation.
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Resale or republication not permitted without written consent of the publisher of species and populations for the purpose of management ) and conservation (Frank ham 2010) . To this end, approaches based on neutral genetic markers -traditionally employed to make inference on demographic connectivitymust, where possible, be complemented with methods that can also provide information on adaptive processes across heterogeneous habitats (McKay & Latta 2002 , Räsänen & Hendry 2008 .
Marine species can present challenges to ecologists and conservation managers, as their large population sizes and high dispersal potential may result in weak patterns of differentiation (Hauser & Carvalho 2008) , which often hinder the effective implementation of genetic approaches in fisheries management and conservation ). Yet, even in the marine realm, some species exhibit lifehistory traits, such as direct development and low vagility, that may promote population isolation (Colson & Hughes 2004) . One such species is the common whelk Buccinum undatum L. This large subtidal gastropod, though widely distributed across the North Atlantic shelf seas, lacks a dispersing planktonic stage and has limited mobility at the adult stage (Hancock 1963 , Himmelman & Hamel 1993 . B. unda tum (alongside lobster Homarus gammarus, brown crab Cancer pagurus and king scallop Pecten maximus) represents a key component of the Irish inshore shellfish industry, which yields ~50 million euro and accounts for 50% of employment in the fishing sector (BIM 2005) . Nevertheless, spatial population structure has never been taken into account for the purpose of management, possibly contributing to the recently observed depletion of the resource (Fahy 2008) .
An extensive population genetic study across the NE Atlantic (Weetman et al. 2006 ) -but not including the Irish shelf -has shown that, while significant levels of genetic structuring in this species can occur locally at spatial scales of tens of km, populations generally seem to have large neighbourhood sizes and are likely to maintain connectivity through a stepping-stone mechanism (Slatkin 1993) . Here, we set out to investigate spatial population structure of whelk populations around Ireland, using both neutral genetic markers and phenotypic descriptors, in order to examine the independence or interplay of demographic and adaptive processes in the contemporary evolution of these populations.
Given the widely documented importance of shell morphology in the adaptation of gastropods (Vermeij 2002 , Rolán-Alvarez et al. 2004 , Hollander & Butlin 2010 , Auld & Relyea 2011 and preliminary information on whelk shell variation around Ireland (Fahy et al. 2000 (Fahy et al. , 2002 , we used shell shape and thickness as morphological descriptors. We then employed recently devised approaches to estimate the additive genetic component of trait variation for species that are not easily amenable to common garden experiments (Saether et al. 2007 , Brommer 2011 , to compare possible patterns of phenotypic adaptation against the null hypothesis of a neutral background provided by microsatellite data.
MATERIALS AND METHODS

Sampling
A total of 493 individuals of Buccinum undatum were collected using baited pots or trawl from 10 locations around Ireland (Fig. 1, Table 1 ). Sampling focused on the eastern coast, as this is where the species is common and traditionally targeted by the fishery (Fahy et al. 2002 , Fahy 2008 , while populations from the west and north coasts are rarer and fragmented (BIM 2005) . Whelks were frozen and subsequently thawed, after which the animals were removed from their shells. A piece of mantle tissue was preserved in 95% ethanol for genetic analyses, and the shell was cleaned, dried and stored for morpho- Fig. 1 . Buccinum undatum. Map of Ireland indicating sampling localities; for codes see Table 1 . Solid lines (numbered 1 to 4, in order of decreasing importance) show main population 'barriers' identified using microsatellites logical analyses. All 493 individuals were used for genetic ana lysis; of these, 308 had relatively un damaged shells suitable for phenotypic analysis (shell thickness and shell shape) (Table 1) .
Morphological analysis
Each shell was measured for length (from the tip of the whorl to the tip of the siphonal canal), weight and thickness (using 5 different points on the shell; see Fig. 2a,b) . For thickness measurements, we used a digital calliper accurate to 0.01 mm. In the laboratory, shells were then contrasted against the same dark back ground, mounted in a consistent orientation (Fig. 2) and photographed from the same distance and at the same angle. TPSDIG (Rohlf 2004 ) was used to place 11 landmarks (LM) on each shell image (Fig. 2c ), which were chosen to represent total shell shape (Hollander et al. 2006) . Only adult specimens (> 50 mm shell length) on whose shells all landmarks were identifiable were included in subsequent analyses. TPSRELW (Rohlf 2004 ) was used to rotate, translate and scale landmark coordinates through generalized least squares superimposition (Rohlf & Slice 1990) . Residuals from the superimposition were analysed with the thin-plate spline (TPS) interpolating function, producing principal warps, followed by relative warp analysis. Using TPSRELW we obtained centroid size (Bookstein 1991) and scores for each individual along a series of relative warps (RW), analogous to the eigenvectors of principal component analysis (PCA), which combined the major patterns of shape variation in the data set.
The 5 variables for shell thickness were reduced by applying PCA, and the resulting first principal component (PC1) was used in subsequent analyses as a multivariate measure of shell thickness (explaining 95% of shell thickness variance). PC1 correlated strongly with shell length (Fig. 3) ; hence, to obtain a size-independent measure of thickness across all Fig. A1 and Table A1 in Appendix 1). Thus, we used the residuals of a regression of PC1 against shell length according to the power function: PC1 = a L b (Fig. 3) as a measure of variance in thickness that is not accounted for by shell size. Spatial variation in residual shell thickness was finally investigated using 1-way analysis of variance (ANOVA) and Tukey's post hoc tests.
We extracted 18 RWs and used the first 2 RW axes to visualise shell shape variation within and among populations. RW1 was significantly correlated with centroid size and was corrected by applying a quadratic regression and using the residuals of RW1 in all further analyses of shell shape. Repeatability of all RWs was obtained using Pearson's correlation coefficient between RW scores extracted from the same images of 196 whelk specimens on which landmarks were independently digitized by 2 observers.
Shell shape differentiation among locations was tested using a non-parametric analysis of similarities (ANOSIM, 10 000 randomisations) based on Euclidean distance derived from the first 3 RWs (see 'Results'), as implemented in PAST (Hammer et al. 2001) . Finally, we used discriminant function analysis (DFA) on all extracted RWs to identify the shape variables that maximize differences between populations. Unless otherwise indicated, statistical analyses were carried out using PASW 18 (SPSS © Inc.).
Genetic analysis
Genomic DNA was obtained from ~5 mm 2 of mantle tissue using the Nucleon Genomic DNA extraction kit (Tepnel Life Sciences). We used 100 ng of DNA as input in separate PCR reactions to amplify 5 microsatellite loci isolated from Buccinum undatum with locus-specific conditions (Weetman et al. 2005) . Each 15 µl PCR reaction further contained 0.5 µl MgCl 2 (50 mM), 1.5 µl of 10× PCR buffer (Invitrogen), 1.5 µl dNTPs (GATC 2 mM each), 0.15 µl of each primer (10 µM), 0.1 µl Taq (5 U 0.1 µl −1 ) and ddH 2 O. Each forward primer was fluorescently labelled, permitting amplified fragments to be visualized on an ABI 3130xl sequencer and sizes to be determined by comparison to an internal lane standard (LIZ500 ® , Applied Biosystems) using GENEMAPPER ® .
We analysed genetic variation in a total dataset of 493 adult whelks from 10 populations (Table 1) . Raw microsatellite data were examined for scoring errors, and the possible occurrence of null alleles, using MICRO-CHECKER (van Oosterhout et al. 2004 ). Nonstepwise alleles (exhibiting a fragment size incongruent with the expected repeat motif) were observed at locus Bu122, but all alleles were included in the analysis. Microsatellite diversity within samples was estimated as allelic richness and Nei's (1987) unbiased expected heterozygosity (H e ) using FSTAT 2.9.3.2 (Goudet 1995) . Genotypes at all pairs of loci were tested for gametic phase disequilibrium, and deviations from Hardy-Weinberg equilibrium (HWE) were calculated using Weir & Cockerham's (1984) inbreeding coefficient (F IS ) in GENEPOP 3.4 (Raymond & Rousset 1995) . The linkage disequilibrium method implemented in LDNE (Waples & Do 2008) was employed to gauge estimates of effective population size, N e , excluding alleles with frequencies < 0.02, as recommended by the authors. Locus departures from HWE were assessed using 2-tailed exact tests and the Markov chain method in GENEPOP. For these, and all subsequent analyses involving multiple simulta- ) are also shown in the plot neous tests, significance levels were adjusted by a sequential Bonferroni procedure using an initial α level of 0.05.
We estimated population structure among samples using Weir & Cockerham's (1984) estimator of F ST , and tested the null hypothesis of identical allele frequency distributions across samples using Markov chain exact tests of genic differentiation in GENEPOP (each test used 100 batches and 10 000 iterations). In order to investigate the effect of geography on genetic structuring, we first used a Mantel test (Mantel 1967 ) to determine if there was an association between the pairwise matrices of genetic differentiation and geographic distance. Next, we identified the most important geographic discontinuities of genetic variation using the software BARRIER 2.2 (Manni et al. 2004 ). This software identifies any geographic discontinuities in genetic differentiation ('barriers') using geographic coordinates and a distance matrix, which in this case was represented by the matrix of pairwise F ST values among populations. Finally, we estimated the partitioning of total genetic variation at different hierarchical spatial levels using an analysis of molecular variance (AMOVA) in ARLE-QUIN 3.1 (Excoffier et al. 2006 ) (AMOVA design illustrated in the 'Results').
Comparison between genetic and phenotypic data
Two multidimensional scaling (MDS) plots were inferred from, respectively, the pairwise F ST matrix and a Euclidean distance matrix based on RWs, in order to compare the relative differences among populations based on both genetic and morphological descriptors. The same matrices were also used in a Mantel test (Mantel 1967) to test for their degree of congruence.
If both are measured without error, neutral genetic differentiation -as measured by F ST -is analogous to additive genetic differentiation in quantitative traits -as measured by Q ST (Spitze 1993) . Where the confidence intervals of F ST and Q ST overlap, phenotypic traits are deemed to be evolving at the same rate as neutral markers, making it difficult to disentangle the relative contributions of random genetic drift and natural selection to the patterns observed. If Q ST > F ST , diversifying selection (where different phenotypes are favoured in different populations) is in voked, whereas Q ST < F ST suggests stabilising selection (the same phenotype is favoured across populations). Accurate measurement of Q ST is very difficult (e.g. Whitlock 2008), because estimation of additive variances requires multigenerational laboratory common-garden experiments, which are unfeasible for long-lived species such as Buccinum undatum. A commonly applied alternative is the phenotypic 'analogue' P ST , which is simply estimated from the between population (V B ) and within population (V W ) phenotypic components of variation (Merilä 1997) . P ST has often been used interchangeably with Q ST (Merilä & Crnokrak 2001 , Leinonen et al. 2008 , typically assuming c = 1 and h 2 = 0.5 (Saether et al. 2007) , where c is the between-population additive genetic component and h 2 is the within-population additive genetic component ('narrow-sense heritability'). However, recently, Brommer (2011) argued that, especially in cases of diversifying selection, environmental and non-additive genetic components of phenotypic variation among populations are likely to be substantial and, probably, much greater than h 2 (rather than much less as assumed when equating P ST directly with Q ST ). Therefore, Brommer (2011) suggested the alternative formulation:
Rather than specific values of c and h 2 (which are generally unknown) it is their ratio which determines whether conclusions that Q ST (estimated as P ST ) de viates from the null hypothesis provided by F ST may be appropriately conservative; low values (e.g. c/h 2 < 0.2) suggest more robust conclusions (Brommer 2011). Therefore, we first generated overall and pairwise P ST estimates, and secondly determined the minimum value of c/h 2 required for each phenotypic trait to produce non-overlapping confidence limits between P ST and F ST .
Recently, there has been much discussion as to the efficacy of the use of conventional F ST in population genetic studies, mainly related to the expected downward bias associated with highly polymorphic loci (Hedrick 2005 , Jost 2008 , Ryman & Leimar 2009 , Whitlock 2011 . However, since the expectation of parity with Q ST does not hold for alternative standardized metrics (Edelaar & Björklund 2011 , Meirmans & Hedrick 2011 , Whitlock 2011 , we concentrated our analysis on F ST .
Most studies comparing neutral and quantitative genetic variation primarily focus on the overall difference between F ST and Q ST , but comparison of pairwise patterns of phenotypic and genetic differentiation can provide additional information, because, if the former are evolving neutrally, congruence between matrices would be expected. Thus, we conducted a series of Mantel tests between the pairwise P ST values and geographic distance, as well as be -tween each P ST matrix and the F ST matrix (100 000 randomizations each). If 3 matrices appeared to be associated with each other, we used partial Mantel tests to control for and detect the potential effect of multi-collinearity between pairs of matrices.
PAST (Hammer et al. 2001 ) was used to generate MDS plots and POPTOOLS 2.3 (Hood 2010) was used to generate bootstrap confidence intervals for P ST analyses. Simple and partial Mantel tests were performed with ZT (Bonnet & van de Peer 2002) .
RESULTS
Phenotypic variation
Mean length and weight per sample of Buccinum undatum shells are summarised in Table 1 . Overall PC-inferred shell thickness, after correction for the effect of size (see 'Materials and methods'), was found to differ significantly among populations (F 9, 298 = 36.459, p < 0.001; Table 1 ). MH shells from the northern Atlantic coast were significantly thicker than all other samples, whereas DL shells from the Irish Sea were the thinnest (for sample codes see Table 1 ).
Since RW1, RW2 and RW3 were the only consistently repeatable relative warps (Pearson correlation coefficients: r = 0.996, 0.840, and 0.877, respectively) and explained a total of 65.7% of the variance, we focused specifically on these 3 RWs to further investigate phenotypic variation. Overall shell shape variation among populations was highly significant (ANOSIM, global R = 0.176; p << 0.001), with nearly half of pairwise comparisons being significant after correction for multiple testing (Table 2 ). RW1 represented variation from broad/round/short shells (e.g. AR and WF) to narrow/slender/long shells (e.g. CB, MH, SK and HO), and RW2 represented variation from narrow shell apertures (e.g. DL) to wide shell apertures (e.g. AR, KQ, SK) (Fig. 4) . Discriminant function analysis showed that the first canonical variate explained 40.3% of the variance in shell shape and was most strongly correlated with RW3 (r = 0.504), indicating that RW3 produced the greatest partitioning of sample sites. High RW3 scores correspond to a tighter and more elongated siphonal end and a smaller aperture, whereas low scores along RW3 reflect a truncated and wide open end of this part of the shell (Fig. 5 ).
Genotypic variation
There was no evidence for significant linkage disequilibrium between microsatellite loci. Significant departures from Hardy-Weinberg expectations were observed in all samples for Bu145, 1 sample for Bu151 and 5 out of 10 samples for Bu76 (Table 3) . In all cases, these deviations resulted from heterozygote deficiencies. The consistency of observations across sample sites for Bu145 and Bu76 suggests the presence of null alleles as the most probable cause for the departures from Hardy-Weinberg expectations and is consistent with the findings of Weetman et al. (2006) for these loci. Following these authors, we used Brookfield's (1996) method ('Brookfield 1' in MICRO-CHECKER) to estimate null allele frequencies (r; Table 3) for Bu145 and Bu76, and generated a dataset that included the null alleles recoded as missing data. All subsequent analyses are based on this corrected dataset. Levels of heterozygosity and allelic richness were very similar Mean and 95% confidence intervals (bars) of RW3 scores among populations. The 2 extreme splines along the RW3 axis are also depicted. Sample codes are detailed in Table 1 across populations (Table 3) . Estimates of effective population size were 'infinite' for all populations except for AR (N ê = 104, CI: 48 to 1380) and CB (N ê = 91, CI: 47 to 350). Overall population substructure was significant (F ST = 0.019; bootstrapped 95% confidence limits: 0.0035 to 0.047) and the vast majority of pairwise population comparisons were significant (Table 2) . Even within the Irish Sea there seems to be a divergence between northern (SK and HO) and southern (AR and WE) locations. The strongest geographical discontinuities inferred using BARRIER are illustrated in Fig. 1 , each corresponding to progressively decreasing levels of F ST differentiation. Barriers are consistent with the geographical separation of locations, with the first and second breaks separating, respectively, (1) the MH north-western and (2) the CB south-western Atlantic samples, and the third break separating the Celtic from the Irish Sea areas (3). The fourth barrier lies between the northernmost Irish Sea sample, SK, and all other locations within that basin. Further statistical insight into geographic structure is provided by the AMOVA results: the 5-group structure indicated by BARRIER (with 1: MH; 2: CB; 3: WF + KQ; 4: SK; 5: HO + DL + DL + AR + WE) corresponded to an among-group differentiation nearly 7 times greater (F CT = 0.027, p < < 0.001) than within-group variance (F SC = 0.004, p < 0.05). Closer examination of pairwise F ST values (Table 2) showed that HO exhibits some significant divergence from more southern Irish Sea locations and that KQ is more divergent from the nearby WF than from some of the Irish Sea localities (Fig. 6a) Table 3 . Buccinum undatum. Population genetic variability estimates per locus and across loci for common whelks: locus names (Bu119, Bu122, Bu145, Bu151, Bu76), sample size (N), allelic richness (Â), inbreeding coefficient (F IS , significant values in bold), expected heterozygosity (H e ) and, for loci Bu145 and Bu76, the null allele frequencies as estimated by Brookfield's (1996) Estimator 1 (r). Sample codes are detailed in Table 1 Table 1 (F CT = 0.029, p << 0.001). Neutral genetic divergence was correlated with geographic distance (Mantel test, r = 0.70, p = 0.009; Fig. 7a ).
Comparison of phenotypic versus genotypic differentiation
The overall patterns of genetic and phenotypic differentiation are rather discordant (Fig. 6) , and a Mantel test confirms that shell shape distances among populations are not correlated with neutral genetic divergence (r = 0.13, p = 0.24). Consequently, shell shape does not correlate with geographic distance (r = 0.03, p = 0.40).
We obtained much higher point estimates of P ST than of F ST , for all 4 main morphological descriptors (RW1, RW2, RW3 and shell thickness) (Table 4) . However, c/h 2 ratios re quired to produce P ST values significantly larger than F ST varied considerably, being low for shell thickness, much higher for RW1 and RW2, and intermediate for RW3 (Table 4 ). This suggests a potentially robust conclusion of Q ST > F ST for shell thickness, somewhat greater uncertainty for RW3, but limited confidence that Q ST > F ST for RW1 and RW2.
None of the P ST matrices for the 4 morphological descriptors were significantly correlated with F ST differentiation (Table 5) , though correlation for RW3 was marginal (p = 0.07). RW3 P ST was also the only phenotypic measure to be correlated with geographic distance (p = 0.01) (Fig. 7b) . Thus, we performed another (partial) Mantel test between RW3 and geographic distance, this time 'controlling' for F ST . RW3 P ST still proved to be ro bustly correlated with geographic distance, but, conversely, a test between F ST and RW3 P ST , 'controlling' for geogra phic distance, decisively rejected any association between the matrices (Table 5) .
The relationship between RW3 and geographic distance seems to rest almost entirely on the higher scores arising from pairwise comparisons involving distances > 250 km, which involve samples from outside the Irish Sea, particularly CB and MH. Indeed, a closer look at Fig. 7b shows that the 'cloud' of data points < 250 km do not follow an isolation-bydistance pattern.
DISCUSSION
The present study detected strong patterns of genetic and phenotypic differentiation among whelk Buccinum undatum populations on the Irish shelf. Neutral genetic variation was rather consistent with expectations based on the life-history of the species -which lacks a planktonic larval stage -and the geography of the study area. Direct development from benthic egg masses is expected to limit longdistance dispersal, and the existence of straits, north and south of the Irish Sea, likely plays a role in determining demographic separation. Phenotypic variation was often pronounced, but was uncorrelated with F ST , and, for some traits at least, the patterns of P ST were inconsistent with those observed at neutral loci, which points towards the influence of environmental heterogeneity and not genetic drift as the primary driver of variation at ecologically relevant traits. Such morphological variation probably reflects the interplay between genetic adaptation and shortterm plasticity (Merilä & Sheldon 1999 , Vermeij 2002 , Pigliucci 2005 . Collectively, the results of the present study are informative, not only as they provide a neutral framework to understand demographic connectivity in a commercially exploited species, but also because they suggest the likely existence of ecological selection and local adaptation. This can both help improving management targets and pave the way for additional investigations.
Neutral genetic variation
The present genetic data allow for a direct comparison with a recent study conducted using the same marker loci over a broader area of the NE Atlantic (Weetman et al. 2006) , albeit excluding Irish locations. We found an overall level of spatial population structuring greater than that detected by Weetman et al. (2006) among populations distributed along the western, southern and eastern coasts of Britain. The most important genetic breaks (Fig. 1) correspond with known geographical and oceanographic features (Horsburgh et al. 2000 , Brown et al. 2003 , and the overall pattern follows a typical isolation-by-distance model, more pronounced than that detected by Weetman et al. (2006) . Even within the Irish Sea, there seems to be a trend for more distantly located samples to exhibit greater genetic differentiation (Mantel, r = 0.45, p = 0.06) , with samples in the central portion of the Irish Sea, DL and CO, not significantly divergent from SK or HO in the north, nor from AR and WE in the south. This suggests that gene flow counterbalances the effect of drift and that the Irish Sea populations are to some extent demographically connected.
On the other hand, there seems to be a definite separation of the Atlantic populations, CB in the south-west and, especially, MH in the north. The F ST values between MH and all other samples clearly indicate strong demographic independence and possibly long-term isolation, in line with the known fragmented nature of whelk populations along the western Irish shelf (BIM 2005) . WF and KQ also differ significantly from samples in the southern Irish Sea (F ST > 0.01), but, interestingly, they also differ from each other, despite being only about 30 km apart. WF was the only sample coming from a population found inside a tidal inlet, and Weetman et al. (2006) documented that populations from inlets tend to be significantly differentiated from open-shelf populations. Our data for WF and KQ seem to support this pattern, as KQ appears almost twice as divergent from WF than from the almost 10-fold more geographically distant CB in the west. This might result from a stepping-stone connectivity model among whelk populations on the open shelf, which does not directly link the more isolated inshore populations. The analysis of additional inshore and offshore samples along the Irish south coast would allow this hypothesis to be tested. It should also be noted that, rather puzzlingly, KQ appears genetically indistinguishable from the northernmost populations from the Irish Sea (SK, HO and DL), which is difficult to explain, unless some degree of human-mediated translocation is assumed. However, only 26 individuals were screened from KQ; thus, it is wise to interpret this result with some caution. The apparent minor discrepancy between MDS analysis (which places KQ in proximity of SK) and BARRIER (which identifies the third discontinuity east of KQ) is determined by the geographical constraints implicit in the BARRIER algorithm, which emphasizes the genetic differentiation between WF and KQ, on one side, and the neighbouring localities in the southern Irish Sea (WE, AR, CO) on the other.
Effective population size estimates were high for nearly all samples, suggesting a very large pool of breeders, which might never have experienced the phenomenon of pollution-induced imposex observed in other northern European waters (Nicholson & Evans 1997 , Strand & Jakobsen 2002 ). Yet, some evidence of N e reductions was detected in AR and CB. The former corresponds to the traditional core area for the Irish whelk fishery (Fahy et al. 2000 ; thus, it is possible that some patches of this heavily exploited area may be sustained only by a limited number of breeders. On the other hand, CB is located at the westernmost edge of Buccinum undatum's European distribution range; hence, it is not surprising to record a smaller breeding unit in this marginal population.
Discordance between genetic and phenotypic data
Contrasting patterns garnered using different tools for unravelling spatial population structure is a relatively common finding, and also increasingly documented in marine populations (Abaunza et al. 2008 , Sala-Bozano et al. 2009 , André et al. 2011 , SalaBozano & Mariani 2011 , Yebra et al. 2011 . When com paring neutral genetic markers with phenotypic features putatively associated with ecological functions (McKay & Latta 2002) , the objective is to explore in what way and to what extent neutral and adaptive processes differ in shaping the evolutionary trajectories of species.
In common with many long-lived, laboratory-intract able animals, we did not have data on the genetic components of phenotypic variation. Yet, for shell thickness, the critical minimum ratio of c/h 2 was very low, indicating that only a small fraction of the observed phenotypic variation among populations need have a genetic basis for Q ST to exceed F ST . Thus, widespread diversifying selection acting on shell thickness seems plausible. Whilst critical c/h 2 was somewhat higher for RW3, pronounced geographical variation was evident, which clearly differed from the pattern shown by neutral markers. Thus, again, a conclusion of diversifying selection (Q ST > F ST ) seems reasonable, albeit perhaps reflecting processes at a larger geographic scale than for shell thickness. For the other components of shape investigated in detail (RW1 and RW2), among-population additive genetic variation would need to be approximately half that found within populations for Q ST (Leinonen et al. 2008) , suggesting that c may often be quite large. Nevertheless, a conservative application of P ST to F ST approaches seems warranted (Brommer 2011) and is likely to prove useful in several contexts whereby conservation and management decisions are needed urgently and the sole application of neutral markers fails to provide the complete picture.
Furthermore, even in the case of an uncertain magnitude of difference between P ST and F ST , visual (Fig. 6 ) and statistical ( Table 5 ) aids show that the pattern of pairwise comparisons obtained with micro satellites does not match the patterns obtained with any of the phenotypic descriptors, including RW1 and RW2. Although pairwise estimates of divergence are inherently noisy, such a lack of correlation could indicate that, even for RW1 and RW2, the processes driving neutral divergence are inherently different from those responsible for morphological differentiation in Buccinum undatum.
Ecological relevance of morphological traits
The present study provides evidence of demographic independence, as well as of ecological adaptation among common whelk populations around Ireland. These results should at least to some extent be incorporated in future management strategies, in order to help in achieving sustainability of what continues to be an economically important fishery (BIM 2005 , Fahy 2008 ). However, it remains difficult to pinpoint the ecological and environmental drivers of phenotypic variation in this species.
A large body of work documents both inducible and constitutive defences in gastropod molluscs (Hollander et al. 2006 , Bourdeau 2011 , particularly in response to predators (Edgell & Neufeld 2008 , Auld & Relyea 2011 ; however, shell traits have also been shown to be affected by changes in water chemistry (Bibby et al. 2007 ) and even parasite infection (Thieltges at al. 2009 ). Thickness, perhaps the most intraspecifically variable of all shell traits, can function as a direct (Brookes & Rochette 2007) and indirect (Bourdeau 2010) response to 'crushing' predators, such as lobster. Thus, the significantly thicker shells observed in MH could reflect the selective pressure of lobsters on the North Atlantic coast, where this predator is abundant (BIM 1999) , while the thin-shelled whelks in the Irish Sea, as well as their sheer abundance, is in line with the scarcity of lobsters in this area.
The multidimensional descriptors of shell shape obtained through geometric morphometrics are less easy to link to specific ecological processes, but some clues are offered by the pattern identified in the RW3 scores. Tighter siphonal notches and more elongated aperture margins could represent an adaptation against 'handling' clawed predators, such as crabs (Shoup 1968) , which are also more abundant in Atlantic areas than in the Irish Sea (where wider and broader notched shells are observed). This would also explain the overall association between RW3 and geographic distance, which, rather than reflecting a demographic or dispersal process, most likely coincides with the fact that the most geographically distant samples overlap with the areas most exposed to clawed predators (BIM 2005 , Meredith & Fahy 2005 .
It is evident that more targeted experimental investigations will be needed in order to determine the ecological correlates of morphological variation in this and other species and over a range of environmental contexts. Meanwhile, the rapid development of new molecular approaches (Allendorf et al. 2010) promises to offer tools to directly link genomic variation with phenotypic traits, therefore bringing us closer to a full understanding of adaptation in the wild. Table A1 . Buccinum undatum. General linear model results testing for potential interaction between LogLength (LOGL) and population of origin (POP). Both LOGL and POP remain significant after the removal of the non-significant interaction term. Dependent variable: Log Principal Component 1
